Abstract
, is a strong independent predictor of increased cardiovascular morbidity and mortality [1] [2] [3] . VC is an active cellular process regulated by an imbalance between pro-mineralizing factors including inflammation, oxidative stress and high phosphate and calcium, and calcification inhibitory factors including fetuin-A, matrix gla protein and pyrophosphate [1] [2] [3] [4] . Among the pro-mineralizing factors, hyperphosphatemia is a persistent and prevalent problem in CKD patients and has emerged as a major contributor to VC [5, 6] . [7] [8] [9] [10] [11] [12] . Osteoblastic differentiation of VSMCs is mediated by the up-regulation of several osteogenic genes, including core-binding factor-1 (Cbfa-1, also known as Runx2), osteopontin and osteocalcin [8, 12] [7, [9] [10] [11] . VC is initiated by apoptotic bodies and matrix vesicles, which are derived from apoptotic and viable VSMCs, respectively, and may serve as a calcification nidus [3, 9, 13] . Apoptotic bodies and matrix vesicles were known to be implicated in VSMC calcification by nucleating insoluble basic calcium phosphate [9, 13, 14] . Furthermore, recent studies have demonstrated that the Pi-induced VSMC apoptosis and subsequent calcification are dependent on the down-regulation of the Gas6/Axl/Akt survival pathway that inhibits apoptosis and increases survival of VSMCs [10, 11] . For instance, 3-hydroxy-3-methylglutaryl CoA reductase inhibitors (statins) protect VSMCs from Pi-induced calcification by suppressing apoptosis via restoration of Gas6/Axl/Akt survival pathway [11] .
Previous in vitro studies have demonstrated that vascular smooth muscle cell (VSMC) calcification by elevated inorganic phosphate (Pi) uptake via a sodium-dependent phosphate cotransporter (Pit-1) is caused by both phenotypic transition from VSMCs to osteoblast-like cells and apoptotic cell death

. In parallel with phenotypic transition of VSMCs into osteoblast-like cells, VSMC apoptosis plays a crucial role in the development of Pi-induced VSMC calcification
Mitochondria, in addition to supplying cellular energy, play a central role in the intrinsic apoptotic pathway. Mitochondria-mediated apoptosis involves the release of cytochrome c from the inner membrane space to the cytosol, which in turn triggers the activation of caspase-9 and -3 cascades [15, 16] . These apoptotic events are closely linked to mitochondrial dysfunction, which exhibits changed mitochondrial membrane potential (⌬⌿m), increased oxidant generation as a result of the perturbation of electron transport chain reaction, and decreased intracellular ATP content because of oxidant-insulted low respiratory activity [17] [18] [19] . Although the precise mechanisms for mitochondriamediated apoptosis remain to be elucidated, oxidative stress caused by endogenously and exogenously excessive oxidant insults and/or impaired oxidant defenses is generally believed to be key in both mitochondrial dysfunction and cellular apoptosis [20] . Mitochondria-targeted antioxidants could inhibit the peroxidation of mitochondrial components including cytochrome c and consequently block apoptosis [21] . Among the various antioxidants, ␣-lipoic acid (1,2-dithiolane-3-pentanoic acid, ALA), a naturally occurring antioxidant with anti-apoptotic property [22] [23] [24] [25] , is a cofactor for mitochondrial metabolic enzymes, pyruvate dehydrogenase and ␣-ketoglutarate dehydrogenase [22, 24, 26] . ALA is considered the most potent and ideal antioxidant in that it is soluble in both fat and water and is capable of not only directly scavenging oxidants but also boosting levels of other antioxidants such as glutathione, vitamin C and vitamin E [23, 24] . Moreover, ALA has been demonstrated to improve age-associated decline in mitochondrial function and structure and inhibit intrinsic mitochondrial apoptotic pathway in endothelial cells through its antioxidant function [22, 25, 27] [23, 24, 28, 29] . In addition, several studies have reported that oxidants are one of major causative factors of VSMC calcification and antioxidants have beneficial effects on therapy in hypertension and CKD [30] [31] [32] [33] 
ALA decelerates Pi-induced VSMC calcification via reversal of mitochondrial dysfunction
It is well known that ALA plays a fundamental role in enhancing mitochondrial metabolism and ATP production [23, 24, 26, 27] . Appropriately, the effect of ALA on disturbed mitochondrial function caused by Pi in VSMCs was evaluated. The decline in mitochondrial membrane potential and ATP production in Pi-induced VSMC calcification was restored by ALA treatment ( Fig. 2A and B 
ALA suppresses Pi-induced mitochondriamediated apoptosis and restores Gas6/Axl/Akt survival signal down-regulated by Pi
It has been demonstrated that mitochondria dysfunction contributes to cell apoptosis [17] [18] [19] and that apoptosis plays a 277 critical role in Pi-induced VSMC calcification [7, [9] [10] [11] . Therefore, the effect of ALA on Pi-induced VSMC apoptosis was assessed. As shown in Figure 3A, Figure 4A and (Fig. 5A and Figure 5C and D, the superoxide anion production and TUNEL-positive apoptotic cells were strongly increased and the level of Gas6 and Axl expression was decreased in the aorta of vitamin D3-administered mice compared to control. ALA significantly reduced these vitamin-D3-induced superoxide production and apoptotic cell death along with restoration of Gas6 and Axl expression in the aorta (Fig. S4) . In line with the beneficial effect of ALA on Pi-induced mitochondrial function in VSMCs, vitamin D3-induced mitochondrial cristae disruption was greatly attenuated by ALA (Fig. 5E ).
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Fig. 2 ALA attenuates Pi-induced VSMC calcification via reversal of mitochondrial dysfunction and structural damage. (A-C) ALA blocks Pi-induced mitochondrial perturbation. Cells were treated with Pi for 6 days in the presence or absence of ALA (300 M) and mitochondria membrane potential (A) and cellular ATP levels (B) were assessed. Data are expressed as the mean Ϯ S.D. (n ϭ 3). To verify the changes in mitochondrial structure, specimens were processed for transmission electron microscopy (C). A representative experiment is presented. Scale bar indicates 250 nm. (D) Inhibitory effect of ALA on
B, incubation of VSMCs with Pi resulted in an increased generation of oxidants and the simultaneous oxidation of cellular thiols, showing that intracellular reduction capacity is decreased in Pi-treated VSMCs. In addition, Pi in combination with antimycin A, a mitochondrial complex III inhibitor that is able to produce superoxide anion by the reaction of electrons leaked from mitochondria complex III with oxygen [34], induced a greater increase of oxidant generation and thiol oxidation than Pi alone. In concert with oxidant production under the treatment of Pi or Pi plus antimycin A, VSMC calcification was highly dependent on the extent of oxidation status (Fig. 4C). Consistent with previous findings that © 2011 The Authors Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 3 ALA inhibits mitochondria-mediated apoptosis of VSMCs induced by Pi and restores Gas6-Axl survival pathway. (A-C) Inhibition of Pi-induced VSMC apoptosis by ALA. VSMCs were treated with Pi in the presence or absence of ALA (300 M) for 4 days (A, C) or indicated times (B). Apoptotic cells were detected by TUNEL staining (A). Nuclei were counterstained with propidium iodide and then the two images were merged. TUNEL-positive apoptotic cells were counted as a percentage of the total number of cells. Scale bar indicates 100 m. To assess the release of cytochrome c from mitochondria into cytosol (B), mitochondrial and cytosolic fractions were subjected to Western blotting with antibodies against cytochrome c (Cyt C), cytochrome c oxidase 2 (Cox 2, a mitochondrial marker protein) and ␤-actin (a cytosolic marker protein). Cytosolic extracts were analyzed for caspase-9 or caspase-3 activity. The activity was normalized to protein content and expressed as a fold difference relative to control (C). Data are expressed as the mean Ϯ S.D. (n ϭ 3). (D) ALA restored Gas6 and Axl expression and Akt activation, which are down-regulated by Pi. Whole cell lysates were obtained from VSMCs treated with Pi for the indicated times and subjected to
B). This calcification was © 2011 The Authors Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 4 ALA blocks Pi-induced oxidant generation in VSMCs and decelerates Pi-induced VSMC calcification by inhibiting apoptosis and stimulating survival. (A, B) ALA suppresses Pi-induced oxidant production and thiol oxidation in VSMCs. After VSMCs were treated with Pi in the presence or absence of ALA (300 M) or antimycin A (AA, 20 M), an oxidant generator by inhibiting mitochondrial complex III, for 4 days, oxidant formation was assessed by confocal microscopy using the fluorescent probe DCFH-DA (A) and intracellular thiol content was measured (B). The fluorescence index was represented as the collected values of fluorescence intensity for the section of photography using Image-Pro Plus version 6.0. Scale bar indicates 100 m.
Calcium content was determined (C). Data in (B) and (C) are expressed as the mean Ϯ S.D. (n ϭ 3). (D, E) After VSMCs were treated with combination between Pi, ALA and AA for 4 days, release of Cyt C from mitochondria to cytosol (D) and cell survival Gas/Axl signal in whole cell extracts (E) were analysed using Western blotting with specific antibodies to
Discussion
In [30, 31] . In general, oxidative stress is generated in cells by diverse sources. One is superoxide anion formation by the reductive reaction of electrons leaked from mitochondria at the level of the respiratory chain with oxygen [34] . Other sources include multiple enzymatic systems including NADPH oxidase, lipooxygenase, cyclooxygenase, xanthine oxidase and uncoupled nitric oxide synthase [38] . (Fig. S5) . These results suggest that Pi-induced oxidative stress may trigger mitochondrial oxidant accumulation and VSMC calcification and that there is a causal connection between oxidative stress and the induction of mitochondrial dysfunction [17] [18] [19] [17] [18] [19] . In the intrinsic mitochondrial-mediated apoptotic pathway, the oxidation of mitochondrial protein thiol groups promotes a decrease in mitochondrial membrane potential, the release of cytochrome c and the activation of caspase-9 and -3, eventually leading to apoptotic cell death [17, 39] . In concert with combined data that antioxidants can inhibit apoptotic serial events [21] [25, [40] [41] [42] (Fig. S6) 
